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Summary

We examined the effect of gas-stripping on the in situ removal of acetone, butanol, and ethanol (ABE) from batch
reactor fermentation broth. The mutant strain (Clostridium beijerinckii BA101) was not affected adversely by gas
stripping. The presence of cells in the fermentation broth affected the selectivities of ABE. A considerable
improvement in the productivity and yield was recorded in this work in comparison with the non-integrated process.
In an integrated process of ABE fermentation-recovery using C. beijerinckii BA101, ABE productivities and yield
were improved up to 200 and 118%, respectively, as compared to control batch fermentation data. In a batch
reactor C. beijerinckii BA101 utilized 45.4 g glucose 17! and produced 17.7 g total ABE 17!, while in the integrated
process it utilized 161.7 g glucose 17" and produced total ABE of 75.9 g I"!. In the integrated process, acids were
completely converted to solvents when compared to the non-integrated process (batch fermentation) which
contained residual acids at the end of fermentation. /n situ removal of ABE by gas stripping has been reported to be
one of the most important techniques of solvent removal. During these studies we were able to maintain the ABE

concentration in the fermentation broth below toxic levels.

Introduction

Butanol, an important industrial chemical, is currently
used as a feedstock in the plastic industry. It is also used
as a food-grade extractant in the food and flavour
industry. Acetone and butanol were used as solvents and
in the production of the rubber monomers, butadiene,
and dimethyl butadiene (Mollah & Stuckey 1993).
Butanol can also be used as a fuel extender, which has
several advantages over other fermentatively produced
fuels and these include high energy content, miscibility
with gasoline, and diesel fuel, and a low vapour pressure
(Qureshi & Blaschek 1999a). The renewal of interest in
the microbial production of butanol [often called
acetone, butanol, ethanol (ABE fermentation)] is based
almost exclusively on the awareness of fossil fuel
depletion and the uncertainty of petroleum supplies.
Clostridium beijerinckii BA101 is able to ferment a
variety of carbohydrates to butanol, including apple
waste and starch packing peanuts (Jesse et al. 2002).
Butanol has great potential because it has many
characteristics which make it a better fuel extender than
ethanol. Additionally, fermentation-derived butanol is

preferred in the food industry (for food flavour extrac-
tion) as petroleum-derived butanol has the potential for
carcinogen carryover (Formanek et al. 1997). For these
two important reasons, bio-based butanol is preferred.
Production of butanol by fermentation can also help the
US with respect to independence from foreign oil.

The main problem associated with the ABE fermen-
tation by C. acetobutylicum and C. beijerinckii is butanol
toxicity/inhibition to the culture. To solve this problem,
various alternative in situ/online butanol removal tech-
niques including membrane-based systems, such as
pervaporation (Groot ef al. 1984; Qureshi et al. 1992,
1999, 2001), perstraction (Qureshi et al. 1992), reverse
osmosis (Garcia et al. 1986), adsorption (Ennis et al.
1987; Nielson et al. 1988), liquid-liquid extraction
(Evans & Wang 1988) and gas stripping (Groot et al.
1989) have been examined. The application of some of
these recovery techniques can allow the use of concen-
trated sugar solutions in the fermentor (Maddox et al.
1995; Qureshi & Blaschek 2001) thereby reducing
volumes of the process streams. In such systems, up to
100% utilization of the sugar available in feed has been
demonstrated. It should be noted that membrane-based
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systems demonstrate high selectivities for ABE but may
suffer from fouling and clogging. On the other hand, gas
stripping is a technique which allows for the selective
removal of volatiles from fermentation broth and uses
no membrane. The volatile properties of the ABE permit
easy product removal by gas stripping. Gas can be
sparged into the fermentor through a rotating fermentor
shaft and volatiles can be condensed and recovered from
the condenser. The gas-stripping process has a number
of advantages over other removal processes, for exam-
ple: it is simple and inexpensive to operate and does not
suffer from fouling or clogging due to the presence of
biomass. Ennis et al. (1986) were the first to investigate
the application of gas stripping in butanol fermentation
using C. acetobutylicum. Gas stripping has been de-
scribed as one of the most important techniques for
removing butanol from the fermentation broth (Mad-
dox 1988; Groot et al. 1992).

C. beijerinckii BA101 is a genetically manipulated
strain which has the potential for becoming an industrial
microorganism for producing butanol from corn and
other substrates. It has been reported that this strain is
able to produce up to 32.6 g1 total ABE (Chen &
Blaschek 1999) under optimized conditions as opposed
to 20 g 1! by other solventogenic cultures (Maddox
1988). While C. beijerinckii BA101 stops growing above
165 g 1! (Qureshi & Blaschek 1999a), C. acetobutylicum
P262 can tolerate up to 227 g sugar 17! (Qureshi &
Maddox 2003). This observation is an important differ-
ence between C. acetobutylicum P262 and C. beijerinckii
BA101. Since C. beijerinckii BA101 is a mutant (and
different) strain, butanol removal studies carried out
using other solventogenic strains may not be applicable
for C. beijerinckii BA101. For this reason, the present
work is considered novel. The authors are aware of the
gas-stripping work performed by various investigators.
It is also known that butanol-producing cultures are
negatively affected by mechanical agitation. In situ gas
stripping causes vigorous agitation of culture fluid
(depending on gas recycle rate), and hence may nega-
tively affect C. beijerinckii BA101. Additional objectives
were to study the effect of cell concentration on ABE
selectivity and the use of concentrated sugar solutions
for butanol production. In batch reactors, a sugar
concentration more than 60 g I”! cannot be utilized, due
to product inhibition caused by butanol.

Materials and methods

Organism, culture maintenance and fermentation
conditions

The C. beijerinckii BA101 culture was generated using
N-methyl-N'-nitro- N-nitrosoguanidine (NTG) together
with selective enrichment on the non-metabolizable
glucose analog 2-deoxyglucose (Annous & Blaschek
1991). Laboratory stocks of C. beijerinckii BA101 were
routinely maintained as spore suspensions in sterile
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double distilled water at 4 °C. C. beijerinckii BA 101
spores (200 ul) were heat shocked for 10 min at 80 °C
followed by cooling for 5 min prior to inoculation. Heat
shocked spores were inoculated into 20 ml Tryptone-
glucose-yeast extract (TGY) medium (in 50 ml screw
capped Pyrex bottle) which was incubated anaerobically
in the anaerobic chamber (Coy Laboratory Products,
Ann Arbor, MI) for 15-16 h at 36 £ 1 °C until active
growth was observed.

Batch fermentation

A 2-1 bioreactor (New Brunswick Scientific Co., New
Brunswick, NJ) was used throughout these studies. In
all experiments, the temperature was maintained at
35°C in the absence of agitation or pH control.
Fermentor containing 60 g glucose 1”' and 1 g yeast
extract 17! (1.6 1 reaction volume) was sterilized at
121 °C for 15 min. On cooling to 35 °C under an
oxygen-free nitrogen atmosphere, filter-sterilized P2
stock solutions [(buffer: KH,PO,, 50 g17'; K,HPO,,
50 g I"'; Ammonium acetate, 220 g 1), (vitamin: Para-
amino-benzoic acid, 0.1 g 1”'; thiamin, 0.1 g 1”'; Biotin,
0.001 g I""), (mineral: MgSO, - 7H,0, 20 g I'; MnSOy,-
H,O, 1 gl FeSO,-7H,0, 1g1™'; NaCl, 1gl™")]
(Qureshi & Blaschek 1999b) were added, followed by the
inoculation of the bioreactor with 5% (vol/vol) highly
motile cells of C. beijerinckii BA101. Oxygen-free
nitrogen gas was swept over the headspace of the
fermentor until the culture produced its own gases (CO,
and H,). Samples were withdrawn at various intervals
for analysis.

Gas-stripping

The medium used in this technique was the same as that
used for batch fermentation experiments except that
different glucose concentrations (60-161.7 g17") were
used and the reaction volume was 1.0 1 until unless
otherwise stated. Batch fermentations were allowed to
proceed for 15 h (glucose 60 g17") and 36 h (glucose
161.7 g 1"y when the ABE concentrations approached
3-4 g I”!, after which gas-stripping was applied. During
gas-stripping stringent anaerobic conditions were main-
tained using oxygen-free nitrogen gas. The gases (CO,
and H,) were recycled (3000 ml min~", unless otherwise
stated) through the system using a twin-head peristaltic
pump. The ABE vapors were condensed using a cooling
machine (GeneLine; Beckman Instruments Inc., Palo
Alto, CA, USA) and a condenser (62 x 600 mm and
cooling coil surface area 1292 cm?) to =2 °C. In order to
cool, ethylene glycol (50% v/v) was circulated at a flow
rate of 600 ml min~' through the condenser. The
stripped ABE were pumped into the solvent collector
using a peristaltic pump. Oxygen-free distilled water was
added at intervals into the reactor to maintain a
constant liquid level (to compensate for water loss due
to gas-stripping) inside the reactor. A schematic diagram
of the process is shown in Figure 1. Temperature in the
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Figure 1. A schematic diagram of butanol production and in situ
recovery by gas stripping. Pump A: gas recycle pump; pump B:
condensed solvent removal pump.

reactor was controlled at 33-35 °C and there was no pH
control during the entire process. Antifoam 204 (Sigma
Chemicals, St. Louis, MO, USA) was added manually as
required.

Analytical procedures

Cell concentration was estimated by optical density and
cell dry weight using a predetermined correlation
between optical density at 540 nm and cell dry weight.
ABE and acids (acetic and butyric) were measured using
a 6890 Hewlett—Packard gas chromatograph (Hewlett—
Packard, Avondale, PA) equipped with a flame ioniza-
tion detector (FID) and 2 m x 2 mm glass column (10%
CW-20M, 0.01% H3POy,, support 80/100 Chromosorb
WAW). Productivity was calculated as total ABE
concentration (g 1) divided by fermentation time (h).
Fermentation time was defined as the time when the
fermentation ceased or glucose was depleted. Yield was
defined as total grams of ABE produced per total grams
of glucose utilized. Selectivity was calculated as o = [y/
(1—=»))/[x/(1—x)], where x and y are weight fractions of
ABE in fermentation broth and condensate, respective-
ly. The rate of glucose utilization was defined as g of
glucose utilized over a given time interval. The rate of
solvent production was defined as ABE (g) produced for
a given time interval.

Glucose concentration was determined using a hexo-
kinase- and glucose-6-phosphate dehydrogenase (Sigma
Chemicals, St. Louis, MO, USA)-coupled enzymatic
assay. The fermentation broth was centrifuged (micro-
fuge centrifuge) at 14,000 rev/min for 3 min at 4 °C. A
portion of the supernatant (10 ul) was mixed with
glucose (HK) 20 reagent (1.0 ml) and incubated at room
temperature for 5 min. Standard solutions of anhydrous
d-glucose containing 1, 2, 3, 4 and 5 g of glucose 17! of
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distilled water were prepared. 10 ul of each of the
standard solutions was mixed with glucose (HK) 20
reagent (1.0 ml) and incubated at room temperature for
5 min. A blank (deionized water) (10 ul) was incubated
with the reagent and was used for zero adjustment of the
spectrophotometer. After 5 min, the absorbance was
measured at 340 nm using a Beckman DU 640 spectro-
photometer and the glucose content in the sample was
computed by least squares linear regression using a
standard curve.

Results
Characterization of the gas-stripping process

In order to find rates of ABE removal under fermen-
tation conditions at various ABE concentrations, a gas-
stripping experiment was conducted at 35 °C using
model ABE solution. Nitrogen gas was used to strip
ABE at a gas flow rate of 4.61min~'. The initial
concentrations of ABE in the model solution were 6.8,
15.9 and 0.5 g 17", respectively. During stripping, ABE
concentrations at various times are shown in Figure 2a.
Removal of butanol followed a curve while removal of
acetone and ethanol followed straight lines. It should be
noted that under the present conditions the rate of
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removal of butanol was concentration-dependent (Fig-
ure 2b), whereas for acetone and ethanol these rates
were constant (not shown). The rates of removal of
acetone and ethanol were 0.06 and 0.01 g1™' h™',
respectively, under the present conditions. During the
gas-stripping experiment all the three solvents were
selectively removed and their selectivities are shown in
Figure 3. Within a concentration range of 1.5-12.3 g 1™
butanol selectivities were 13.83-10.26. Acetone and
ethanol selectivities ranged from 4.12-6.42 (Figure 3b)
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removal from model solution and fermentation broth. (A) Butanol
selectivities; (B) Acetone selectivities and (C) Ethanol selectivities.
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and 4.90-7.90 (Figure 3c), respectively. It should be
noted that while butanol and ethanol selectivities had no
trend (scattered points), acetone selectitvities followed a
straight line. The objective behind presenting the scat-
tered data points was to inform the reader that in gas-
stripping experiments scattered selectivities were
obtained within a range. Even with the scattered points,
a comparison can be made between selectivities using
model solutions and fermentation broths.
Fermentation broth is viscous due to the presence of
cells. For that reason the rate of removal of ABE from
fermentation broth may be different than that of the
model solution used above. Hence an experiment was
conducted with the same initial ABE concentrations and
11 gcells I™". In this case the rates of removal of butanol
and acetone are shown in Figure 2b. The data suggest
that presence of cells adversely affects the butanol
removal rate above 7.5 g butanol 17! concentration in
the solution. As opposed to the model solution in the
absence of cells, rate of removal of acetone varies with
acetone concentration (Figure 2a, b). These data suggest
that presence of cells affects the removal rate of acetone
too. It should be noted that selectivities of butanol were
found to be significantly reduced in the presence of cells
(Figure 3). Selectivities of ethanol were also reduced in
presence of cells. In presence of cells selectivities of all
three solvents (ABE) are represented by straight lines.

Batch fermentation and recovery by gas-stripping

A control batch fermentation experiment (Ferm I) was
run with 59.2 g I"! initial glucose concentration in P2
medium using C. beijerinckii BA101. Figure 4a shows
ABE and acid production profiles by C. beijerinckii
BA101 over the course of 60 h. The culture produced
5.3 g acetone 17!, 11.9 g butanol "', and 0.5 g ethanol
™!, resulting in a total ABE concentration of 17.7 g 1™
(Table 1). The maximum cell concentration of 3.2 g 17!
was observed at 60 h. At the end of fermentation
residual glucose concentration was 14.6 g 17! (Fig-
ure 4b). This showed that the culture was unable to
utilize all the glucose because of the toxic effect of
butanol. The solvent productivity and yield were
029 g1I"" h™" and 0.40, respectively. At the end of
fermentation the acid concentration was 0.9 g 17",

In order to examine the effect of gas-stripping on the
culture, fermentation, and glucose utilization, a batch
fermentation experiment (Ferm II) was initiated with
initial glucose concentration of 59.7 g 1"!. In order to
allow cell growth, stationary fermentation was allowed
for 15 h, at which time total ABE and cell concentra-
tions were 3 and 2.1 g 17!, respectively. At that stage
ABE recovery by gas-stripping was started and the
fermentation was allowed to run for 39 h at which time
glucose concentration was reduced to 0 g 17" (Figure 5a,
b). The maximum cell concentration that was achieved
was 4.6 g I"! at this time. It is important to note that at
the end of fermentation and recovery, acids were not
detected either in the reactor or in condensate, suggest-



Butanol fermentation and recovery

15
A
p
% 10 B Acetone
';' ® Butanol
° va 4 Ethanol
3 / * Acetic acid
© 5 ./ P | ¥ Butyric acid
o / /
o : g
0 10 20 30 40 50 60 70
Fermentation Time [h]
70 3.5
B I
~ 8o N 25
> N )
;40 2 B s Glucose
8 / N 15 2 * Cells
3 30 \\ ©
/ 1
20 /,- \\T\ 0.5
N
10 0

0 10 20 30 40 50 60 70
Fermentation Time {h]
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tion broth at various times; (B) Glucose and cells in fermentation broth
at various times.

Table 1. Production of ABE in non-integrated batch and integrated
batch fermentations.

Parameters Non-integrated Integrated Integrated
batch ferment.* batch batch
ferment.” ferment.”
Acetone (g 17" 5.3 6.9 27.4
Butanol (g 17" 11.9 16.4 46.4
Ethanol (g 17" 0.5 0.3 2.1
Acetic acid (g17") 0.5 0.0 0.0
Butyric acid (g 17" 0.4 0.0 0.0
Total ABE (g 17" 17.7 23.6 75.9
Total acids (g 17") 0.9 0.0 0.0
Cells (g 17") 32 4.6 11.0
Initial glucose (g 17") 59.2 59.7 161.7
Residual glucose (g 17')  14.6 0.0 0.0
Glucose utilized (%) 75.3 100 100
ABE productivity 0.29 0.61 0.60
(g™ h™)
ABE yield (-) 0.40 0.40 0.47

Ferment. — fermentation.
260 g 1I”! glucose fermentation.
® 161.7 g I"! glucose fermentation.

ing that the system became truly solventogenic. This was
also observed by Qureshi & Maddox (1991) when gas
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Figure 5. Butanol production (Ferm II) in a batch reactor and in situ
recovery by gas stripping from 60 g glucose 17! using cells of C.
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butyric acid in fermentation broth at various times; (B) Glucose and
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stripping was applied to ABE production in an immo-
bilized cell continuous reactor of C. acetobutylicum
P262. The present experiment demonstrated that during
24 h of gas stripping the mutant strain (C. beijerinckii
BA101) was not adversely affected.

The total amount of ABE produced was 23.6 gin 39 h
(acetone 6.9 g, butanol 16.4 g and ethanol 0.3 gin 11
reaction volume) resulting in a productivity of
0.61 g1"" h™" and yield of 0.40 (Table 1). It should be
noted that this productivity is much higher than
achieved in Ferm 1. This is because of reduced butanol
toxicity and higher cell concentration. During the
experiment the glucose utilization rate was
1.53 gI"" h™" (Figure 6). At the end of 46 h (when
recovery was stopped) the reaction mixture volume in
the reactor was 1000 ml which contained ABE and
acetic and butyric acid at 3.5, 6.0, 0.2, 0.0 and 0.0 g 1,
respectively. The total ABE in the reactor was 9.7 g.
During 46 h of ABE removal, condensate was recovered
three times with volumes 98.6, 79 and 48 ml containing
ABE at 42.7, 82.5 and 67 g 17", respectively. The total
amount of condensed ABE was 13.9 g. The ABE
selectivities are shown in Figure 3. As compared to the
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selectivities determined with the model butanol solution,
reduced selectivities for butanol were observed. A
possible reason for these lowered seclectivities is the
presence of cells in the fermentation broth which was
demonstrated in the experiment where 11 g cells 17! were
added (Figure 2b) to the model butanol solution. In the
present experiment 4.6 g cells 1"'were present.

In the next experiment we examined the production of
ABE from concentrated sugar solution in order to
economize the process of butanol production in the
batch  process. Concentrated glucose solution
(154.1 g I"") was used to initiate the fermentation (Ferm
I1T). The maximum glucose concentration C. beijerinckii
BA101 can tolerate and still sustain growth (at a reduced
rate due to substrate inhibition) is approximately
165 g 17! (Qureshi & Blaschek 1999a). Use of concen-
trated sugar solutions reduces process stream volume,
thus resulting in improved economics. Owing to initial
slow growth due to substrate inhibition, batch fermen-
tation was allowed to proceed uninterrupted for 27 h
(data not shown). At that time total ABE and cell
concentration were 1 and 0.56 g 17!, respectively. The
glucose concentration in the reactor at this time was
141.7 g 1"'. After 27 h gas stripping was initiated to
recover ABE and continued until 93 h when fermenta-
tion stopped leaving behind 59.4 g 17! of unutilized
sugar. The total amount of ABE produced was 36.1 g.
This represented a productivity and yield of
0.39 g 1" h™" and 0.39, respectively (data not shown).

There are two possible explanations for the cessation
of fermentation, one being extended exposure of the
cells to gas stripping (and hence agitation) and the other
being a lack of nutrients, which will be discussed later.
Fermentation data are not provided, because this was
not a successful fermentation. However, selectivity data
are included in Figure 3 for comparison. During the
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gas-stripping process, butanol selectivity fluctuated be-
tween 13.05 and 6.56 (Figure 3a), acetone selectivity
between 5.37 and 9.66 (Figure 3b), and ethanol selec-
tivity between 5.14 and 8.96 (Figure 3c). In this exper-
iment too, acetic and butyric acids were not detected in
the condensate. Figure 3 shows that there was no
relationship between fermentation broth ABE concen-
trations and respective selectivities (scattered points).
In order to deduce the cause of cessation of the
previous fermentation (Ferm III), attempts were made
to initiate another fermentation by pulsing the reactor
with nutrients during fermentation and recovery. Hence,
we repeated the batch experiment (Ferm IV) using a
concentrated sugar solution (161.7 g 17! glucose in P2
medium). Fermentation was carried out undisturbed for
an initial 36 h. At that time the cell and ABE
concentrations were 0.6 and 1.8 g 17!, respectively (Fig-
ure 7a, b). Gas stripping was initiated at that time and
continued until 75 h. At this time a reduction in cell
concentration was observed. As a result of this observed
reduction, a nutrient solution was added to the reactor.
30 ml of stock solutions (10 ml of each of buffer,
vitamin and mineral solutions) and 20 ml of yeast
extract solution containing 1 g yeast extract were added
to the reaction mixture. This amount of nutrients is
equivalent to that which is added to 1 1 of P2 medium
before initiating fermentation. Following nutrient addi-
tion fermentation and gas stripping were continued. As
seen in Figure 7b a sharp decrease in glucose concen-
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First arrow (from left) shows initiation of gas stripping and the
following two arrows show addition of nutrient solution.
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tration and an increase in cell concentration were
observed suggesting that addition of nutrients was
helpful in speeding up the fermentation. A similar dose
of nutrients was injected into the reactor at 102 h. As a
result of nutrient feeding, the fermentation was com-
pleted at 126 h (Figure 7a, b). Due to nutrient feeding
the rate of glucose utilization increased from
0.44 g 17" h™' (0-75 h) to 2.53 g I"" h™! (75126 h). This
was due to the fact that cell growth occurred vigorously
to a final cell concentration of 11 g 17" when there was
no glucose left in the reactor. It should be noted that at
75 h the rate of gas recycle was increased to approxi-
mately 9 1 min~! as increased cell concentration increas-
es the rate of production and yet hampers the removal of
butanol (Figure 2b). This demonstrated that fermenta-
tion III failed due to exhaustion of nutrients. Also, this
and previous experiments clearly demonstrated that gas
stripping did not affect the culture adversely.

At the end of fermentation (126 h) 6.7 g acetone 17",
8.5 g butanol 1", 0.5 g ethanol "', 0.0 g acetic acid 1™,
and 0.0 g butyric acid 1" were present. The reaction
mixture volume was 1.26 1. The total amount of ABE
present in the reactor was 19.8 g. This amount has been
included in the total amount of ABE produced (75.9 g;
Table 1). The condensed ABE was 56.1 g. The indivi-
dual amounts of ABE that the culture produced were
27.4 g acetone, 46.4 g butanol and 2.1 g ethanol. Based
on utilization of 161.7 g of glucose this represented a
yield of 0.47 which is higher than expected (Table 1).
The possible reason for the high yield may be the
presence of acetate in the feed medium and the carbon
sources available in yeast extract. During fermentation,
a total of 6.6 g acetate and 3 g yeast extract was fed to
the reactor. Although the culture experienced a long
initial lag, a productivity of 0.60 g 1" h™" was achieved
in this fermentation. This productivity is comparable to
the 60 g1™' glucose fermentation (Ferm II) when
integrated with product recovery. Increased cell concen-
tration, the presence of nutrients in the feed medium,
and intermittent feeding of nutrients are the reasons for
such a high productivity (in spite of substrate inhibi-
tion). In this experiment the rate of glucose utilization
was 1.28 g 1I"! h™! (Figure 6). As above (in the integrat-
ed experiments) acids were not detected either in the
reactor nor in the condensate. The culture utilized all the
glucose and acids for growth and solvent production,
respectively. Due to the high initial glucose concentra-
tion in the reactor, the culture experienced more than
67 h of ‘lag phase’.

The selectivities achieved during recovery are shown
in Figure 3. During the gas-stripping process, acetone
selectivity fluctuated between 4.65 and 10.46, ethanol
between 4.74 and 9.32, while that for butanol fluctuated
between 6.67 and 13.23. It should be noted that in this
recovery experiment acetone (Figure 3b) and butanol
(Figure 3a) selectivities followed a similar straight line
trend while in case of ethanol there was no trend
(Figure 3c). ABE selectivities obtained in integrated
fermentations (Ferm III and IV) have been plotted
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against cell concentrations in the fermentor (Figure 8).
It is clearly shown that as ABE concentration increases
selectivities of all the three components decrease expo-
nentially.

15 —
A

— | AW
=12 N\
:"é‘ A\AA
3]
% 9 . \. = Ferm il
n
5 . N A 4 FermlVv
8 . i
=
@ 6

3

0 2 4 6 8 10 12
Cell Concentration [g/L]
12
. B
> 10 A
= \.\
Q
% 8 A\.“‘ ® Fermlll
n 4 4 Ferm v
qc_) A
£ "
3 6 —" AN =
< . i
= a3

0 2 4 6 8 10 12
Cell Concentration [g/L]

P O N
QO =

® Ferm Il
AFerm IV

Ethanol Selectivity [-]

.~ A

0 2 4 6 8 10 12
Cell Concentration [g/L]

Figure 8. Butanol, acetone, and ethanol selectivities at various cell
concentrations in fermentation broth. (A) Butanol; (B) Acetone and
(C) Ethanol selectivities. Ferm III (cell concentration not included),
Ferm IV (Figure 7).
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Discussion

A control batch fermentation experiment with approx-
imately 60 g 17" initial glucose concentration in P2
medium resulted in 14.6 g unused glucose 17!, because
of the toxic effect of butanol (Qureshi & Blaschek 2000).
To solve this problem of butanol toxicity, the batch
fermentation experiment was repeated with the incor-
poration of in situ ABE removal system (gas-stripping).
As shown in Figure S5a, b incorporation of gas-stripping
resulted in a decrease in fermentation time, and in a
complete utilization of glucose and acids in 39 h. Due to
decreased product inhibition, cell growth occurred and
there was an elevated cell concentration. The increased
concentration of cells and decreased inhibition were the
reasons for increased productivity (Table 1, Figure 6).
The complete absence of acetic and butyric acids in the
fermentor at the end of the fermentation time indicated
total conversion of these acids into solvents. This shows
that solvent removal by gas-stripping promotes acid
utilization and conversion to ABE by the culture. More
interesting is that gas stripping does not remove acids
from the fermentor until they are completely converted
to solvent. The average solvent productivity and yield in
the integrated system were 0.61 g1™' h™' and 0.39,
respectively, compared to the average ABE productivity
and yield in the control non-integrated system which
were 0.29 g 1! h™" and 0.40, respectively. There was no
adverse effect of gas-stripping on the C. beijerinckii
BA101 mutant culture.

In order to economize the integrated batch fermenta-
tion system and reduce the volume of waste disposal
streams, we increased the initial glucose concentration
to 161.7 g 1" and added nutrients (yeast extract, min-
eral, buffer and vitamin solutions) to the fermentor
when needed (when rate of fermentation or cell growth
was low). At the end of the fermentation, the culture
utilized all the glucose (161.7 g 17") in the fermentation
broth, produced total ABE of 75.9 g 1! and left no
residual acids in the fermentation broth, a condition
indicating highly efficient and complete fermentation
process (Figure 7a, b). The solvent productivity and
yield were increased to 0.60 g 1”' h™! and 0.47, respec-
tively. The increase in yield from 0.40 (control) to 0.47
was attributed to utilization of all the acids and carbon
present in acetate (in added buffer) and yeast extract.
The productivity was comparable to the 60 g 1"! glucose
integrated fermentation. This was in spite of the fact
that the culture experienced more than 67 h of ‘lag
phase’ due to an initial high glucose concentration. The
culture growth rate is inhibited above 100 g 17" initial
glucose concentration and strongly inhibited above 160—
165 ¢ 17! initial glucose level (Qureshi & Blaschek
1999a). Furthermore, the selectivities and ABE concen-
trations in the condensate were dependent on ABE and
cell concentration in the broth. The use of concentrated
sugar solution reduces process stream volume, thus
economizing the process of biochemical/s production by
fermentation. In the present investigation it has been
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demonstrated that C. beijerinckii BA101 can be used in
combination with concentrated glucose feed and recov-
ery by gas stripping. In addition to improving the
glucose utilization rate in the integrated fermentation, a
concentrated product stream is obtained which would
require less energy for further recovery. In these studies,
condensed ABE concentrations of up to 28.1, 61.8, and
2.0 g 17!, respectively, were achieved depending upon
ABE concentrations in the fermentation broth. It should
be noted that the selectivities of ABE were reduced due
to the presence of cells in the fermentation broth
(Figure 8).

Conclusions

ABE were produced in the integrated batch fermentor
using gas-stripping as the in situ product recovery
technique. An integrated batch fermentation experiment
with P2 medium containing 60 g glucose 1”! produced
total ABE of 23.6 g 17" (33% higher) as compared to
17.7 g 17! for the non-integrated process. The fermen-
tation time was also reduced from 60 to 39 h, thereby
increasing the productivity. C. beijerinckii BA101 pro-
duced a total ABE of 75.9 g 17! during the fermentation
when using a concentrated sugar solution. Solvent
toxicity to the culture and nutrient depletion during
long term fermentation processes are two key factors
that lead to premature termination of the fermentation.
Gas-stripping as a product removal system enhances the
selective removal of ABE from the fermentation broth
and encourages efficient assimilation of acids produced
by the culture for conversion into solvents. During gas-
stripping acids were not removed from the fermentation
broth. Selectivities of ABE were dependent on ABE
concentration and cell concentration in the broth. The
culture was not adversely affected by gas stripping. We
have demonstrated that C. beijerinckii BA101 can use
concentrated sugar solutions for butanol production
when combined with product recovery by gas stripping.
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